AC electrified railway systems show power quality problems such as harmonic current pollution, feeder voltage perturbation, and reactive power demand. These power quality problems have a bad effect on the AC railway system itself as well as other electric systems connected together. This paper investigates comparatively two configurations of a shunt active power filter (SAPF) for improving power quality in the AC railway systems. Different control algorithms corresponding to the installation position of the active power filter at the substation or at the sectioning post are proposed respectively. A comparative case study on the two positions of SAPF has been performed comprehensively.
Introduction
The AC railway systems show typically poor power quality due to their inherent electrical load characteristics. The moving and non-linear load characteristics of the locomotives consume the large reactive power and produce high harmonic currents, so that the total power factor becomes adversely affected [1, 2] . These power quality problems in the AC railway system have a detrimental effect on themselves as well as on the public grid [3] . The active power filter is widely used to maintain the power quality in the AC railway applications. The active power filter for the AC railway systems can be installed at two different positions as shown in Figure 1 ; one is at the substation (S/S) and the other at the sectioning post (SP). Many studies have been concentrated on the shunt active power filter (SAPF) installed at the S/S. The control algorithm and method for this case are relatively well established by the researches on the SAPF in the public power utility [4] [5] [6] . However, the AC railway system is a single-phase system so that the control algorithm for the SAPF in the system is significantly different from that which is used for the three-phase power utility [7] . There have been some studies carried out on the SAPF installed at the SP [8, 9] , but no comparative investigations regarding its location were c arried out.
In this paper, two SAPF configurations related to their locations are investigated. Each configuration is associated with a unique compensation characteristic. Thus, they should be provided with different control algorithms and their performance should be compared for best outcome.
The compensation characteristics of two positions of SAPFs in the 25 kV AC railway system are analyzed and their compensation performance is investigated comparatively in this paper. Also, the novel control algorithms based on the synchronous reference frame for each SAPF configuration are proposed. The effectiveness and the validity of the proposed control algorithms are demonstrated through the case study.
Control of Shunt Active Power Filter Installed at Substation
The 25 kV AC electrified railway system can be considered as a lumped circuit [9] . In case of the overhead transmission line, the conductance in the parallel admittance of π-circuit can be neglected. Figure 2 shows the single-phase feeder line with the series resistance, the series inductance, and the parallel capacitance. In addition, the feeder line consists of three 10 km-long π-sections, and the S/S transformer is described as an AC voltage source with internal impedance. It is shown in Figure 1 that the SAPF is basically composed of an inverter circuit, an L filter to suppress switching harmonics, and a DC-link capacitor. Figure 3 shows the AC railway system with the SAPF provided at the S/S. The load current flowing into the locomotive, the SAPF current, and the DC-link voltage are measured for the controller input signals. Hysteresis control method is employed for the current control of the SAPF.
In this compensation system, in order to look into the relationship between the locomotive voltage and the reactive power compensation, an equivalent circuit can be described at the fundamental frequency as shown in Figure 4 .
For the sake of simplicity, the source impedance and the parallel capacitance of line impedance are not considered. By defining V L =V L +j0 as the reference phasor, the voltage drop across the feeder line is calculated as [10] 
where, the bold denotes phasor, and V L , R, X, P L , and Q L mean the load voltage, the resistance of feeder line, the reactance, the active power of the load, and the reactive power, respectively. From (1), the phasor diagram of the feeding system without compensation can be depicted as shown in Figure 5 .
Using the phasor diagram, the square of source voltage magnitude is derived as
If the SAPF is an ideal compensator and Q SAPF = −Q L is satisfied, the reactive power supplied from the source becomes zero and (3) can be rewritten as Since the locomotive consumes the inductive reactive power, the value of Q SAPF is negative and the value of |ΔV| 2 +2[RP L −XQ SAPF ] is always positive, not zero. The load voltage is not equal to the source voltage even when any compensation is taken. It is known that even though the unity power factor is achieved with the help of the SAPF, the magnitude of the source and load voltage cannot be the same. When the SAPF is installed at the S/S, the associated phasor diagram is shown in Figure 6 .
When the SAPF is installed at the S/S, it is possible that the harmonic currents are effectively compensated by measuring the load current directly. The control objectives of the SAPF installed at the S/S are to compensate the harmonic currents and reactive power demand for improving the input power factor.
Harmonic Compensation
The single-phase voltage and current signals can be handled on the stationary reference frame by assuming the imaginary values 90° phase-shifted. The imaginary value can be calculated from the practical value through the various methods such as the Transport Delay, the Hilbert Transform, the Inverse-park Transform, and the Adaptive Notch Filter [11] . On the basis that the Inversepark Transform and the Adaptive Notch Filter are reported to be relatively superior to the other methods, the Inverse-park Transform is applied in this paper [12] . The a-b axis values of source voltage and load current in Figure 3 can be expressed as
where, V S , I L , and n denote the maximum value of source voltage, the maximum value of load current, and the harmonic order, respectively. The a-axis value is measured from the system and the b-axis value is calculated from the measured a-axis value. From (5) to (8), it is possible that the source voltage and the load current vectors can be assumed and expressed on the stationary reference frame coordination as shown in Figure 7 .
The voltage and current vectors in Figure 7 can be projected onto the synchronous reference frame rotating at the source frequency. The corresponding d-q axis values of the load current are derived as
where, the upper bar and the upper tilde means the DC value and the AC value of d-q axis. It is known that the load current has both the fundamental and harmonic components. The AC value depends on the harmonic contents of load current. The DC value represents the fundamental load current and is easily obtained using the low pass filters (LPF) without any phase-shifting. When the d-q axis DC values are subtracted from the d-q axis load currents, only the d-q axis AC values to be compensated remain. These components are provided as the current reference for the harmonic compensation to the controller. The harmonic compensation performance is illustrated in Figure 8 . It is seen that the input current becomes perfectly sinusoidal after the harmonic compensation starts. 
Reactive Power Compensation
If the harmonic currents have already been compensated by the SAPF installed at the S/S and the d-axis is aligned on the source voltage vector as shown in Figure 7 , the source voltage and current are sinusoidal, and expressed as 
where, I S denotes the magnitude of source current. The source voltage and current vector are represented by the d-q axis components on the synchronous reference frame as follows
From (12) and (13), the following equation can be considered.
By substituting (10) and (11), (14) is expressed as follows 
Using (15), the single-phase instantaneous power can be represented as follows
The first term of (16) is defined as the single-phase instantaneous active power and the second term is defined as the single-phase instantaneous reactive power [13] . It is known from (16) that when the source voltage is constant, the single-phase instantaneous active power depends on the d-axis current and the single-phase instantaneous reactive power relies solely on the q-axis current. Therefore, the SAPF installed at the S/S can compensate the reactive power demand by controlling the q-axis value of source current to be zero instead of controlling the instantaneous reactive power. Figure 9 shows the overall control scheme of the SAPF installed at the S/S. The d-q transform block includes both the single-phase to two-phase transformation and the transformation into the synchronous reference frame. The reference of q-axis source current in the reactive power compensation loop is set at zero. The error between the reference and the actual value of the q-axis source current enters the PI controller, and then it is added to the q-axis current reference for the harmonic compensation because the q-axis source current determines the instantaneous reactive power.
No additional current sensor to measure the source current is required. Among the outputs of inverse d-q transform block, only the a-axis value becomes the current reference for the hysteresis controller. The DC-link voltage regulator plays a role in compensating the power losses of the SAPF as well as the voltage regulation. Figure 8 shows the performance of the harmonic and the reactive power compensation when the SAPF is installed at the S/S with the proposed control strategy. It is shown that when the harmonic and the reactive power compensation are provided, there exists no phase deviation between the source voltage and the source current, whereas the result with only the harmonic compensation shows a certain phase shift. Figure 10 shows another AC railway system with the SAPF installed at the SP. In this case, the load current cannot be measured as a feedback signal in a sense of practice. Therefore, the SP voltage should be used as the feedback signal instead of the harmonic load current.
Control of Shunt Active Power Filter Installed at Sectioning Post
Similarly, with Figure 4 , the equivalent circuit of AC railway system with the SAPF installed at the SP is represented as shown in Figure 11 .
When the SAPF is provided at the SP, the voltage drop across the feeder line is derived as
From (17), the square of source voltage magnitude is expressed as
It is known from (18) that the SAPF installed at the SP can compensate the voltage drop by generating the reactive − power to maintain |V S |=V L . In practice, the reactive power to compensate the voltage drop is determined automatically by a closed-loop control [10] . When the SAPF is provided at the SP, the associate phasor diagram of the feeding system is shown in Figure 12 .
In case of the SAPF installed at the SP, it is natural to compensate the voltage drop and the current IETE TECHNICAL REVIEW | VoL 29 | ISSUE 5 | SEP-oCT 2012
harmonics by sensing the SP voltage. Therefore, the control objectives of the SAPF installed at the SP are to compensate the voltage drop and harmonic currents. In the AC railway system with the SAPF installed at the SP, an equivalent circuit showing the harmonics flow can be modeled as shown in Figure 13 . Figure 13 shows that the SP harmonic voltage is influenced by the harmonic currents flowing from the locomotive. The harmonic load current, which cannot be measured at the SAPF installed at the SP, can be obtained by the SP voltage as follows
Harmonic Compensation
where, h indicates the harmonic order, and Z S (h), Z f1 (h), Z f2 (h), and Z SAPF (h) denote the source impedance, the feeder line impedance between the source and locomotive, between the locomotive and SP, and the SAPF equivalent impedance at the harmonic frequency, respectively. Figure 14 depicts how the equivalent admittance between the harmonic load current and the SP harmonic voltage changes as the locomotive runs along the feeder line. It is seen that the equivalent admittance is nearly constant with respect to changing the locomotive position. Therefore, the harmonic load current can be estimated by the measured SP harmonic voltage, considering the equivalent admittance. ( ) The approximate equivalent impedance for the case study is determined at 25 Ω using the trial-and-error method in this paper. The DC-link voltage regulator is added on the d-axis control block in the same manner as the compensation system with the SAPF installed at the S/S. Figure 15 shows the harmonic extraction results obtained from the harmonic SP voltage. It is shown that there is slight deviation between the directly measured harmonic load current and the indirectly estimated harmonic load current from the harmonic SP voltage. Furthermore, the estimation accuracy varies with the locomotive positions: The nearer the locomotive approaches the SP, the better the estimation performance is. IETE TECHNICAL REVIEW | VoL 29 | ISSUE 5 | SEP-oCT 2012
Reactive Power Compensation
Since the d-q axis rotates at the same angular speed as the SP voltage vector, the d-axis value of the SP voltage contains the harmonic components as well as the fundamental component of the SP voltage. Figure 16 shows the overall control scheme of the SAPF installed at the SP.
It is shown in the reactive power compensation loop that the error between the actual DC value and the voltage reference of the d-axis SP voltage enters the PI controller. This voltage drop can be compensated by controlling the reactive power of the SAPF installed at the SP. Therefore, the control output of PI controller is added on the q-axis current reference for the harmonic compensation as shown in Figure 16 . The d-axis SP voltage reference is set at the nominal value of the AC electrified railway system in order to support the locomotive terminal voltage above the lower limit under the full load.
Case Study
Two SAPF configurations with the corresponding control algorithms are simulated in the 25 kV AC railway system by Matlab/SimPowerSystems platform. The system parameters for the simulation are shown in Table 1 (Appendix) [14] .
When the locomotive is 20 km away from the S/S, the corresponding simulation results are plotted in Figure 17 . Figure 17a-d shows the voltage and current waveforms of the railway system with no compensation facility. The waveform of the load current is distorted and is not sinusoidal due to the electrical non-linearity of the locomotive. As the SAPF is not provided, the source current is consequently distorted. In this case, the reactive power supplied from the source is about 1800 kVar. When the SAPF is installed at the S/S, the corresponding waveforms are shown in Figure 17e -i. It can be seen that the source current has very little harmonic currents because the SAPF compensates the harmonic currents effectively. In addition, the reactive power supplied from the source is nearly zero because the SAPF compensates the reactive power demand completely. On the other hand, when the SAPF is installed at the SP, the respective waveforms are illustrated in Figure 17j -n. The reactive power supplied from the source cannot be zero, being different from when the SAPF is installed at the S/S. Since the reactive power is used to compensate the voltage drop across the feeder line, the input power factor is not unity and shows a leading one. Figure 18 shows the FFT results of the source current, and Tables 2 and 3 show the THD and the input power factor of each compensation case. It is seen that the input power factor and THD performances of each compensation method do not show a big difference according to the position of locomotive away from the S/S. It can be seen from Figure 18 that the source current has large amount of the harmonic contents when the SAPF is not provided. In this case, the THD of the source current is as big as about 21% and the power factor is poor. When the SAPF is installed at the S/S, the corresponding FFT result of source current shows the superiority of the SAPF control algorithm proposed to compensate the harmonic contents in the load current. As a result, it is seen that the power factor can be improved up to unity.
On the other hand, when the SAPF is installed at the SP, the source current has harmonic components more reduced than the results without the SAPF, but shows higher THD and lower power factor than the SAPF installed at the S/S. Even so, THD results of the compensated source current are below 12% and power factor is above 0.97. It is shown that the proposed SAPF control algorithm can properly compensate the harmonic currents and improve the input power factor even when the SAPF is installed at the SP. Figure 19 shows the variation of the voltage reduction measured at the receiving terminal of the locomotive when the locomotive runs along the feeder line. It is known that the voltage reduction is proportional to the distance in which the locomotive is positioned away from the S/S. When the SAPF is not provided and the locomotive is positioned near the SP, the locomotive receives the feeder voltage lower than the nominal voltage by 2.7 kV. When the SAPF is installed at the S/S, the voltage drop at the locomotive is relatively reduced. It is seen in Figure 19b that the farther the locomotive is away from the SAPF, the bigger the voltage reduction is. This value is above 1.5 kV, which is still high. However, when the SAPF is installed at the SP, the voltage drop at the locomotive is compensated relatively well. It is shown in Figure 19c that the voltage drop at the locomotive is nearly zero when the locomotive approaches the SP. 
Conclusion
This paper presents a comparative study on the SAPF applications to the AC railway systems and proposes a novel control algorithm based on the synchronous reference frame. The comparative study on two SAPF configurations is demonstrated through the case study.
The results show that the proposed SAPF control algorithm properly compensates the power quality problems in the AC railway systems, such as the harmonic current pollution, the voltage perturbation, and the reactive power demand. When the SAPF is installed at the S/S, the performance to compensate the harmonic currents is vastly superior. Also, the reactive power demand can be completely compensated so that the input power factor is nearly unity. However, the voltage drop and the voltage sag cannot be fully compensated.
When on the other hand, the SAPF is installed at the SP, the static voltage drop and voltage sag can be compensated effectively. However, because the control algorithm of SAPF installed at the SP is based on indirect harmonic currents extraction by sensing the SP voltage instead of the load current, the harmonic compensation performance is inferior to that of the SAPF installed at S/S. The two appropriate control structures of the SAPF have clearly different compensation characteristics. Therefore, the proper selection of the SAPF position and its control algorithm according to the compensation purposes should be considered carefully to apply the SAPF successfully to the AC railway applications.
